Immunoreactive collagenase was localized -in isolated mouse bone cells by indirect immunofluorescent and immunoperoxidase antibody techniques using goat antimouse bone collagenase antibody. Immunoreactive collagenase was localized primarily in cells with osteoblastic characteristics (osteoblast-like cells) based on biochemical parameters; i.e., cAMP production and alkaline and acid phosphatase activity changes in response to parathyroid hormone. There was no collagenase immunofluorescence in cell populations rich in osteoclastic cells. Both parathyroid hormone and heparin appeared to stimulate the synthesis and/or release of immunoreactive collagenase by isolated osteoblast-like cells. These findings were consistent with the results of our biochemical studies (subsequent paper) using the same isolated bone cell preparations. Collagenase immunofluorescence of isolated bone cells was observed initially as fine granular fluorescence packed at perinuclear regions. This fine granular fluorescence then appeared to diffuse through the cytoplasm and to be secreted extracellularly.
Collagenase is believed to be involved in the degradation of structural collagen of various tissues, including bone during its remodeling (8). The isolation of collagenase from bone tissue of various species (23, 6, 21) and the demonstration of the correlation between collagenase activity and bone resorption in vitro (16, 19) have added to the evidence that collagenase may be involved in the mechanism of bone resorption. The regulation of collagenase activity and cellular localization of collagenase synthesis during the process of bone resorption have not yet been studied extensively.
Collagenase synthesis has been demonstrated immunocytochemically in skin fibroblasts (13), synovial fibroblasts and macrophage-like cells (25) , and peritoneal macrophages (14) . Recent developments in bone cell separation techniques (12, 4, 2) prompted us to prepare various types Abbreviations: PTH, parathyroid hormone; MEM, Eagle's minimum essential medium; IgG, immunoglobulin G of viable bone cells in sufficient quantities to study collagenase synthesis by isolated bone cells in culture using both immunocytochemical and biochemical techniques. The localization of immunoreactive collagenase in isolated bone cells with osteoblastic characteristics (osteoblastlike cells) extends our previous results (17). These immunocytochemical findings were supported by our biochemical studies (subsequent paper) using the same isolated bone cell preparations.
Consequently, we herein report our findings that immunoreactive collagenase was detected intracellularly within isolated mouse osteoblastlike cells and also that collagenase synthesis by those cells appeared to be stimulated in response to parathyroid hormone and/or heparin in the culture.
MATERIALS AND METHODS
Preparation of Bone Cells A modified method of sequential enzymatic separation of mouse bone cells originally developed by Wong and Cohn (24) was employed in the present study. Fifty calvaria of 2-day-old Swiss Albino mice of the Webster strain were dissected aseptically immediately after sacrifice. Surrounding soft tissue and excess blood were carefully removed. The calvaria were cut in half at the median sutures, and then gently stirred for 2 min in a balanced salt solution containing antibiotics to remove any remaining blood cells and tissue debris. Four milliliters of Ca, Mgfree Tyrode solution (4) containing 8 mM EDTA, bacterial collagenase CLS (180 units/ml) and trypsin TRL (0.5 mg/ml) (Worthington Biochemlcals, Freefield, NJ) were added to the washed bones in a 20 ml beaker (2.0 cm diameter) with a plastic cover (35 mm diameter Petri dish). The bones were stirred at 1 round per 1.8 sec using a Bio-Stir magnetic stirrer (Wheaton Instruments, Millville, NJ) for 20 min at room temperature. The enzyme solution was removed and centrifuged (IEC Contra-7, Boston, MA) at 750 rpm for 2 min to sediment blood cells, clumped cells, and tissue debris. The supernatant was centrifuged again at 1,650 rpm for 2 min to collect cell population 1. The same volume (4 ml) of enzyme solution was added to the bones and the separation was repeated four more times with a gradual increase in stirring from 1 round per 1.8 sec to 1 round per 1.2 sec to collect cell populations 2, 3, 4, and 5. For populations 3, 4, and 5, the cell suspensions were first filtered with a stainless steel filter support screen (Millipore, Bedford, MA) 
Characterization of Bone Cells
After 7 days of culture, cells from the Petri dishes were examined by phase contrast microscopy. At the same time, cells from the Leighton tubes were fixed and stained with hematoxylin and eosin, and cytochemically for acid phosphatase (1) and non-specific esterase (9), and examined by light microscopy.
Aliquots of each cell population were charac-M. SAKAMOTO and S. SAKAMOTO terized by the biochemical parameters employed in the work of Wong and Cohn (24) . The production of cAMP in response to parathyroid hormone (PTH) by each of the separate cell populations was measured as described (22), using a 1 Z51-radioimmunoassay kit (New England Nuclear, Boston, MA). Changes in alkaline and acid phosphatase activities of each cell population in response to the addition of PTH were determined according to Luben and Cohn (10) .
Preparation of Antibody
Antiserum to mouse bone collagenase was produced in a goat. The goat anti-mouse bone collagenase antibody was purified by absorbing the antiserum to a purified mouse bone collagenase-substituted Sepharose 4B gel as previously described (14) . Monospecificity of the antibody was examined by double immunodiffusion and immunoelectrophoresis techniques (18).
Immunocytochemical Localization of Collagenase in Bone Cells
Aliquots of bone cells from each cell population were cultured in Leighton tubes containing glass coverslips. After 7 days of culture at near confluency, cells were washed with warm saline and air-dried. Some cultures were incubated further in fresh medium containing PTH (1 unit/ml) and/or heparin (10 units/ml) for periods of 15 min, 1 h, 6 h, 24 h, and 48 h. These cells also were washed and air-dried. All of the cells were fixed with 10% buffered formalin at 4°C for 15 min and incubated at 37°C for 30 min with the antibody solution (protein concentration: 100 jug/ml). Rabbit anti-goat immunoglobulin G (IgG) antibody conjugated with fluorescein (Miles Laboratories, Elkhart, IN) was used as the second antibody. Some specimens were subjected to indirect immunoperioxidase staining using rabbit anti-goat IgG antibody conjugated with peroxidase (Miles Laboratories) after the method of Nakane (11). Controls were incubated with preimmune goat IgG, the antibody absorbed with pure collagenase and phosphate-buffered saline.
Specimens were examined for immunofluorescence at low magnification with a Leitz Dialux 20EB fluorescence microscope and at high magnification with a Leitz Orthoplan fluorescence microscope and photographed using 3M film (ASA 640) processed to El 1250.
Morphometric Analysis of Collagenase Immunofluorescence
After immunofluorescence staining, representative areas of specimens were photographed at low magnification. Transparencies were projected onto a small screen and immunofluorescent positive cells as well as the total cells (approximately 200 cells) were counted with the aid of a divided ruler. The percentages of the number of positive cells to total cells were calculated using the average values from two cultures.
RESULTS

Characteristics of Bone Cell Populations
After 6 or 7 days of culture, the cells had recovered from the enzyme damage, divided to near confluency, and exhibited enhanced responses to PTH (24). Table 1 summarizes the results of the biochemical characterization of isolated mouse bone cells. The pattern of cAMP production in response to PTH by five separate cell populations was consistent with the results of Wong and Cohn (24) and our previous study (7). cAMP production in cells in populations 1 and 2 did not increase, whereas it increased nearly seven-fold in cells of populations 4 and 5. There was also a very marked increase in acid phosphatase activity in response to PTH in cell populations 1 and 2, but no increase in cell populations 4 and 5. In contrast, the alkaline phosphatase activity of populations 4 and 5 decreased in response to PTH, while no such change was noted in cell populations 1-3. The biochemical parameters indicate that cell populations 1 and 2 exhibit characteristics of 31 osteoclastic cells (although they are not multinuclear), while populations 4 and 5 have characteristics of osteoblastic cells (osteoblastlike cells) (24). Cell population 3 appears to contain a mixture of both cell types.
Since the characterization of the isolated bone cells is the crucial point of the present study, phase contrast photomicrographs of the five cell populations are also presented (Fig. 1 Cells in population 3 appeared to be most heterogeneous. The number of fibroblast-like cells dramatically decreased. Numbers of asymmetric cells and slender, triangular cells also decreased, while increased numbers of large, amorphous cells (Type C) were observed. However, the proportion of these cell types varied from preparation to preparation. As a whole, cells in population 3 were a mixture of the cells of populations 2, 4, and 5, and no satisfactory reproducibility in morphological findings or biochemical parameters could therefore be expected. Cell population 4 consisted almost exclusively of Type C cells (occasionally binucleate). Population 5 cells were similar to, and indistinguishable from, population 4 cells. Fibroblast-like cells were seldom found in populations 4 and 5. The morphological findings were in general consistency with those reported by Wong and Cohn (24) .
Collagenase Immunofluorescence in Isolated Bone Cells
Intracellular immunoreactive collagenase was observed as a fine granular-type fluorescence in populations 3, 4, and 5, and seldom in populations 1 and 2 (Fig. 2) . The proportion of immunofluorescence-positive cells to the total number of cells was, on the average, 7.3% for populations 4 and 5, but for population 3 the proportion varied from preparation to preparation. There were no significant differences in fluorescence patterns between populations 4 and 5. Collagenase immunofluorescence-positive cells were generally large, amorphous cells with large nuclei and rich in cytoplasmic contents (Fig. 3a) . These were the predominant cell types (approximately 90%) in populations 4 and 5 (Type C cells) (Fig. 1) . Immunoreactive collagenase often appeared as a densely packed fluorescence at perinuclear regions (Fig. 3a) . Some of the positive cells revealed not only perinuclear collagenase fluorescence, but also a fine granulartype fluorescence scattered throughout the cytoplasm (Fig. 3b) . Not all cells of similar morphology revealed simultaneous collagenase fluorescence (Fig. 3, a and b) . Various control stainings were void of collagenase fluorescence (Fig. 2f) .
A fine granular immunoperoxidase reaction was evident at the perinuclear region of an osteoblast-like cell which had one large nucleus and an amorphous cytoplasm (Fig. 4) . Neighboring small cells (spindle-shaped, fibroblastlike cells) were negative in the same photographs (Fig. 4) .
Eflects ofPTH and/or Heparin on Collagenase Fluorescence
Collagenase synthesis by osteoblast-like cells in populations 4 and 5 appeared to be stimulated by the addition of PTH and/or heparin to the culture medium. These effects were obvious after 15 min of incubation. To present the effects of PTH and heparin on collagenase immunofluorescence quantitatively, the percentage of the number of positive cells to the number of total cells in a unit field was calculated ( Table 2) . As stated earlier, the average proportion of positive cells to the total cells at zero time (7 days incubation after isolation) was 7.3%. Further incubation for 15 min without additives revealed 4.2% positive cells, whereas incubation with PTH, and with PTH and heparin (Table 2 ) and the collagenase fluorescence appeared to be more diffuse throughout the entire cytoplasm and some of the granular-type fluorescence had faded (Fig. 5 ).
Much granular-type immunofluorescence was often observed juxtaposed to cytoplasmic M. SAKAMOTO and S. SAKAMOTO membranes and extracellularly (Fig. 5) . After 48 h of incubation, positive cells were scarce and the fluorescence was extremely diffuse, which made morphometric analysis difficult.
DISCUSSION
Recently, numerous studies using isolated bone cells have been initiated in order to provide a more detailed insight into the biochemical basis of bone formation and resorption (12, 4, 2) . In order to clarify immunocytochemically and enzymologically (subsequent paper) collagenase synthesis by isolated bone cells, a preparative approach using sequential enzymatic digestion of the extracellular matrix to affect a release of bone cells was attempted in this study. Although the procedure was modified to some Leighton tube cultures with glass coverslips containing approximately 0.2 X105 cells/0.5 ml/culture were incubated for various time periods as indicated. After incubation, cells were washed and stained for collagenase by an indirect immunofluorescent antibody technique as described in the Materials and Methods. Morphometric analysis was conducted by comparing the number of positive cells to the number of total cells in a unit field of representative samples. Zero time control specimens revealed an average of 7.3 % (see the Materials and Methods). with PTH and heparin for 24 h (see Table 2 ). Same magnification, bar: 25 mp. a: One cell revealed distinct granular-type fluorescence at perinuclear regions and most of the cytoplasm. Another cell (binucleate) revealed slight fluorescence. b: One cell revealed extremely intense fluorescence throughout the cytoplasm. Another cell revealed slight but extended fluorescence throughout the cytoplasm. The third cell is intermediate between the two. c: Two cells revealed extremely diffuse cytoplasmic collagenase-fluorescence with different intensities. Some fine granular-type fluorescence appeared to be extracellular. Variously shaped extracellular deposits of collagenase-fluorescence were often noted (arrows).
of isolated bone cells indicate that the technique employed in the present study permitted the separation of at least two cell types (although they were not homogeneous cell populations): osteoclastic (but not multinuclear) and osteoblastic (osteoblast-like or pre-osteoblast-like) cells. There were only a few osteoclasts in 2-day-old mouse calvaria at the time of dissection, and they were never recovered as multinucleated cells by the method employed in the present study, probably due to membrane damage and lack of solid support (4) . Nonetheless, osteoclastic cells were found to preserve the capacity to demineralize and degrade the dead bone (4). Osteoblast-like cells were found to synthesize collagen and the phosphoproteins which have been postulated to play a key role in mineralization (7).
Contrary to general expectations, immunoreactive collagenase was observed in osteoblast-like cells rather than in osteoclastic cells. It is unlikely that the collagenase fluorescence observed in the cells of populations 4 and 5 was the result of contamination with macrophages. Occasionally, few macrophages were found in cell populations 1 and 2, and those that were present were not immunofluorescent. Moreover, osteoblast-like cells appeared to respond to PTH and heparin (Table 2) , while peritoneal macrophages did not respond to these substances at all (unpublished results). These results were consistent with the biochemical results (subsequent paper). The apparent lack of immunoreactive collagenase in cell populations containing functional osteoclastic cells (24) requires some explanation. Whether this finding indicates a loss of function of osteoclasts during isolation procedures remains to be studied. The results, however, were consistent with our previous findings with resorbing bone sections (17). A recent study also showed a lack of immunoreactive collagenase in osteoclasts isolated by passive release of the cells from mouse long bones (M. Sakamoto et al., in preparation) . This new non-traumatic approach that does not use mechanical or enzymatic dispersion of cells to obtain viable osteoclastsextremely fragile and motile cells-has been achieved in our laboratory (M. Finkelson et al., in preparation) .
Since macrophages are generally considered to be the possible precursor cells to osteoclasts, it is again difficult to explain the lack of collagenase in the bone cell populations which contained osteoclastic cells. It is, however, possible that although precursor macrophages maintain the capacity for collagenase synthesis (14), they lose it during transformation into osteoclasts just as they lose Fc receptors (3, 20) . On the other hand, it is also possible that monocytes, not macrophages, are the actual precursor cells to osteoclasts. It is interesting to note in this respect that isolated blood monocytes in cultures and in smear specimens did not reveal collagenase fluorescence (unpublished results). These findings, however, do not exclude the possibility that osteoclasts may synthesize collagenase that is immunologically distinct from that synthesized by different bone cell types.
The addition of PTH and/or heparin to the culture medium at concentrations that induce resorption in bone organ culture systems (15) stimulated more bone cells to synthesize collagenase ( Table 2 ). The results were consistent with our biochemical study wherein we demonstrated significantly larger amounts of collagenase activity from culture medium of osteoblast-like cells incubated with PTH and heparin (see subsequent paper). Heparin appeared to enhance the release of collagenase from the cells, probably by affecting the membrane of the collagenase-synthesizing cells. It is not clear, however, whether heparin also stimulated collagenase synthesis per se by osteoblast-like cells. The mechanisms involved are not known and await further investigation. We can offer no explanation at present for the decrease of positive cells in the control culture (4.2%) compared with zero time values (7.3%) (see Table 2 ).
The maximum ratio of collagenase-positive cells to the total cells was 32% (Table 2) . Since the cultures were neither composed of a single cell type nor synchronized in growth, it is not certain at present whether the result indicates a distinct collagenase-synthesizing cell type concomitant with non-synthesizing cell types in populations 4 and 5, or different phases of collagenase-synthesizing cells at one time period during the culture. Since collagenase fluorescence patterns appeared to vary among the majority (>90 %) of morphologically similar cells (Type C) at one point in time (Figs. 3 and 5) , it is possible that most Type C cells were capable of synthesizing collagenase at different periods during culture. It is also possible that collagenase synthesis may be limited to certain cell types at certain degrees of differentiation, i.e., osteoblasts, pre-osteoblasts, or yet undifferentiated osteoprogenitor cells, etc. Moreover, collagenase synthesis by certain cell types may be possible through interaction with other cell types within the same cell population. In this regard, our preliminary finding that no significant collagenase fluorescence was observed in secondary and high passage osteoblast-like bone cells (the results were consistent with our biochemical results-see subsequent paper) is intriguing, but has hampered the study to answer the question raised above.
Collagenase fluorescence began to appear around nuclei and then diffused through the cytoplasm as a fine granular-type fluorescence. Eventually the fine fluorescent particles were released extracellularly. Collagenase fluorescence observed extracellularly probably reflected the enzyme bound to newly formed collagen matrix synthesized by the same osteoblast-like cells (Fig. 5c) . It is possible, however, that most of the synthesized collagenase was released free into the medium and thus enabled isolation of the enzyme (see subsequent paper). The localization of initial collagenase synthesis, its passage through the cytoplasm, and the modes of possible storage and secretion of the enzyme through collagenase-synthesizing bone cells should be explored to answer the questions raised above. Electron microscopic studies on this issue using immunoperoxidase staining and a new method developed for macrophages (5) are now in progress.
